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Sodium and potassium transport by the collecting duct
JOHN B. STOKES
Laboratory of Epithelial Transport, Department of Internal Medicine, University of Iowa College of Medicine, Iowa City, Iowa, USA
This review covers aspects of Na and K transport along the
three major regions of the collecting duct: the cortical collecting
duct (CCD), the outer medullary collecting duct (OMCD), and
the inner medullary collecting duct (IMCD). The basic cell
models that have been developed over the past several years
are included with an attempt to integrate some of the newer
observations on specific transport processes and their regula-
tion. Heterogeneity along the collecting duct is emphasized as
are species differences insofar as they are known. The normal
mechanisms of Na and K transport are presented in the context
of their long-term regulation by steroid hormones. The enor-
mous increase in the understanding of the subject over the past
several years precludes a detailed review of collecting duct
function and its hormonal regulation. Mechanisms of Na trans-
port regulation in epithelial models of the collecting duct are
mentioned to the extent that they provide illustrative mecha-
nisms. The lessons and principles derived from such model
systems form a critical portion of the integrated understanding
of distal nephron and collecting duct Na transport.
Cortical collecting duct
The CCD consists of at least three cell types. Principal cells,
which are responsible for Na and K transport, constitute about
two-thirds of the population. The other third consists of inter-
calated cells which are responsible for H secretion and HCO3
secretion. Intercalated cells are also responsible for Cl trans-
port usually in exchange for HCO3 [1]. Under normal circum-
stances the voltage generated by the process of Na absorption
can account completely for the magnitude of Cl absorption
given the permeability of the paracellular pathway [1, 21.
The development of the technique of perfusing isolated
tubules in vitro has allowed investigators to develop clear
evidence that the mechanisms of Na and K transport by
principle cells occurs according to the model depicted in Figure
1. According to this scheme, Na transport occurs as a two-step
process by entering the cell across the luminal (apical) mem-
brane via a Na channel. Having entered the cell, Na is pumped
out across the basolateral membrane by the Na-K pump. As the
Na-K pump translocates 3 Na ions for 2 K ions, the process of
Na extrusion causes K to come into the cell. In principle, K
could exit the cell either across the basolateral membrane and
be recycled to the blood or across the apical membrane and be
secreted into the urine. Under normal experimental circum-
stances, most of the K exits the cell across the apical mem-
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brane. The reason for this preferential route of exit has to do
with a more favorable electrical gradient and the higher K
permeability of the apical membrane.
The elucidation of the model of the rabbit CCD principal cell
has been aided greatly by the use of specific inhibitors to each
of these transport processes. Amiloride and certain analogues
thereof inhibit the entry of Na across the apical membrane
through the Na channel. They have virtually no effect on K
channels or on the Na-K pump. Ouabain specifically inhibits the
Na-K pump and Ba inhibits K channels on both the apical and
the basolateral membrane. Of these inhibitors, Ba is perhaps
the least specific insofar as it can inhibit many different types of
K channels. However, Ba is specific in that it has no effect on
Na channels or the Na-K pump and has virtually no effect on
the paracellular pathway [3—61.
The model shown in Figure 1 predicts that K secretion will be
completely dependent on the ability of the cell to absorb Na.
Interruption of the process of Na entry or inhibition of the Na-K
pump will cause K secretion to stop. These predictions are
generally correct and original observations on the effect of
amiloride [7, 8] and ouabain [91 provided important basic
information for the development of this model. The dependency
of K secretion on Na absorption has been shown also by
examining the specific rate of K secretion as a function of Na
absorption. As shown in Figure 2, there is a very tight correla-
tion between these two parameters with the magnitude of Na
absorption being consistently greater than that of K secretion.
The exact ratio between Na absorption and K secretion de-
pends on the experimental conditions, but, in general, it is not
difficult to demonstrate an overall ratio of Na absorption to K
secretion of approximately 3:2. Because this stoichiometry
approaches that of the Na-K pump, one can conclude that most,
if not all, of the K entering via the pump exits the cell across the
apical membrane.
The application of electrophysiologic principles to the study
of the CCD has provided valuable information regarding spe-
cific aspects of Na and K transport and their regulation. The
application of cable analysis by Helman, Grantham and Burg
[10] to isolated, perfused tubules allowed investigators to make
transepithelial conductance and resistance measurements. The
development of the capability to impale single cells while
making transepithelial resistance measurements [3, 11] has
added a critical dimension to our understanding of the operation
of conductive pathways and principal cells. The most recent
addition to the electrophysiological armamentarium has been
the patch clamp which is now beginning to produce insights into
the regulation of single channels in principal cells.
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Fig. 1. Pathways of ion transport by the rabbit cortical collecting duct
principal cell. All of the pathways shown are conductive pathways
(channels) except for the Na-K pump. Amiloride and Ba are specific
inhibitors of Na and K channels, respectively. The function of the
basolateral Cl channel is not known, and is not detectable in rat CCD
principal cell.
Electrophysiology of the CCDs
The apical Na channel has a relatively low conductance
compared to that of the apical K channel [3, 4]. The evidence to
support this notion comes directly from the effects of amiloride
and Ba on the transepithelial conductance. Amiloride causes
only a small decrement in transepithelia' conductance, whereas
Ba in the lumen produces a nearly tenfold greater decrement in
transepithelial conductance. Such differences in permeability
are teleogically reasonable because the driving force for Na
entry is quite large compared to the driving force for K exit
across the apical membrane. Na concentration in the cell is an
order of magnitude lower than in the lumen (under normal
experimental conditions), and the electrical driving force is
about 60 mY. The electrochemical gradient thus approaches 120
mV for Na entry. In contrast, the driving force for K exit across
the apical membrane is somewhat variable but approaches only
20 to 25 mV [12]. Thus, it is not surprising that a cell whose
major function is to secrete K into the lumen would require a
large permeability on the apical membrane.
The evidence to date strongly suggests that the vast majority
if not the entire mechanism for K translocation across the
principal cell apical membrane is via a conductive pathway. The
conductance is large enough to accommodate the entire amount
of K secretion. Ba applied to the lumen reduces both the
conductance and the passive K tracer flux to comparable
degrees [13]. There is some evidence, however, that there may
be electrically silent pathways of K transport. Changing Cl
gradients across the cortical collecting duct can influence the
magnitude of K secretion without measurably altering transepi-
thelial voltage [14, 15]. The results of these Cl gradient exper-
iments raise the possibility that under certain conditions an
apical membrane KCI cotransporter is present. The exact
conditions under which such a transporter might be present and
the magnitude of K secretion that occurs by this mechanism are
not clear.
The possibility that the principal cell might transport Cl in
addition to Na and K was originally raised when it was
discovered that the basolateral membrane contained a rather
large Cl conductive pathway [16]. To date, there is little
evidence that this basolateral Cl pathway is used in the trans-
location of Na and K. In the rabbit, Na absorption is entirely via
the Na channel [7, 8, 17], and there is no evidence for
electrically silent Cl transport coupled to K across the principal
cell apical membrane using electrophysiologic techniques [18]
or using Cl tracer flux measurements [19]. There is recent
evidence that Na can enter the cell across apical membrane in
a Cl-dependent fashion in CCDs dissected from DOC-treated
rabbits when tubules are exposed to ouabain [20]. However, the
magnitude of Cl transport across the apical membrane is rather
low, and thus the reason for the existence of a large basolateral
Cl conductance in principal cells remains obscure.
The principal cell of the rat CCD is different from that of the
rabbit. The presence of apical Na and K channels is a major
similarity [5]. The most striking difference between the rat and
the rabbit is the virtual absence of a basolateral Cl conductance
in the rat principal cell. Another important difference is that the
rat principal cell probably has a neutral NaCI cotransporter on
the apical membrane. The existence of such a transporter was
suggested following the results of experiments where certain
hormones would inhibit Na transport without changing trans-
epithelial voltage [21, 221. There is some potentially conflicting
data on this point [23] but the methods used to study Na
transport and its regulation by hormones have been somewhat
different. The most recent evidence indicates that amiloride
does not inhibit all of the measured net Na absorption in the rat.
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About half of the net Na absorption can be inhibited by
thiazide-type diuretics and half can be inhibited by amiloride.
Importantly, their effects on Na transport are additive [24]. As
thiazide diuretics are reasonably specific for a neutral NaC1
cotransporter [251, the conclusion seems inescapable that the
rat CCD contains more than one mechanism of Na entry. The
precise location of this NaCI cotransporter is not yet clear. It is
possible that such a transporter does not reside in the same cell
that contains the apical Na channel. Evidence to support this
deduction comes from the intracellular electrophysiologic mea-
surements of Schiatter and Schafer [5] who demonstrate that in
amiloride-treated rat CCD principal cells, ouabain produced
little or no depolarization. Such a depolarization would be
inevitable if Na were allowed to enter the cell across the apical
membrane. Apparent discrepancies regarding the existence of
the NaC1 cotransporter might be explained by dietary and/or
steroid hormone status of the animals. However, it is quite
possible that specialized cells in the rat CCD are responsible for
electrogenic Na transport (via a Na channel) and electrically-
silent NaC1 cotransport.
Na channels
The identification and characterization of selective Na chan-
nels on the CCD apical membrane is beginning to yield some
interesting information. Using the A6 cell as a model, there is
reason to suspect that more than one kind of Na channel can be
distinguished according to its single channel properties. Hamil-
ton and Eaton [26] have demonstrated, for example, that, when
grown on plastic, the A6 cells can express a Na channel of high
conductance (7 to 10 PS) with a low Na to K selectivity (about
3 to 4:1). However, A6 cells grown on permeable supports
instead of plastic express Na channels that have a greater Na to
K selectivity and a lower single channel conductance. It is on
this background that the collecting duct Na channels are now
being evaluated and characterized. Using freshly dissected rat
CCD, Palmer and Frindt [27, 28] have demonstrated that apical
membrane Na channels are blocked by amiloride, are non-
rectifying, are minimally voltage-dependent, and have a reason-
ably high Na to K selectivity (>10:1). The single channel
conductance is about 5 pS. This selectivity is reassuring as the
Na conductive pathway in functioning CCDs must be highly
selective for Na. Additional work on the rat CCD Na channel
has indicated that the open state probability is pH-dependent
but not dependent on the concentration of calcium present in
the cytoplasmic face. Interestingly, although calcium appears to
have no direct influence on the regulation of the Na channel, it
appears to have an indirect effect as cell attached patches are
influenced by maneuvers which increase cell calcium [29]. The
characterization of Na channels in rabbit CCDs has not been as
extensive as that of rat [30].
K channels
One of the earliest descriptions of apical K channels was by
Hunter et al [31, 32]. Using the patch clamp technique on rabbit
CCDs, they described a 90 p5 K-selective channel that had a
K/Na selectivity of 10 to 50:1. The channel could be blocked by
Ba and activated by increasing the cytoplasmic calcium con-
centration. This channel falls under the general classification of
"maxi-K channels" and is characterized by its calcium activa-
tion. As is typical of other in this class, this channel is also
activated by membrane depolarization. A similar channel has
been described in cultured rabbit CCD anlagen [33] and in the
rat CCD [34].
It is attractive to consider the possibility that this channel
might be the one responsible for the majority of K secretion
under normal conditions. Particularly attractive is the idea that
depolarization of the apical membrane, which occurs during
increasing Na transport, would increase the apical membrane K
permeability of this cell. The voltage-sensitive characteristics of
this channel might also help to explain some of the observations
that have been discovered using microelectrode impalement of
single cells. However, two characteristics of this type of
channel raise serious question as to the role it plays in normal K
secretion. Frindt and Palmer [34] have discovered that the
conductance to Rb is unmeasurably low. Thus, this channel is
highly selective for K over Rb, a feature common to other
maxi-K channels. However, it is well established that Rb can
cross the apical membrane of the CCD cell [13, 35, 36].
Furthermore, tetraethylammonium in the lumen inhibits the
maxi-K channel but has no effect on the ability of the CCD to
secrete K. The purpose of maxi-K channels on the apical
membrane is thus not clear, although it may play a role in the
recently described K secretion as a result of activation of cell
volume regulatory systems [37].
A K channel more likely to be involved in routine K secretion
is a channel recently described by Frindt and Palmer [38]. This
channel has a substantially lower conductance (9 pS) and has a
rather high selectivity to K over Na. It is a moderately effective
inward rectifying channel, is insensitive to changes in cytoplas-
mic calcium concentration, and has a very high open state
probability under normal physiologic conditions. An important
feature of this channel is that it conducts Rb although less well
than it does K. The Rb to K conductance ratio is in good
agreement with macroscopic conductance and tracer measure-
ments of K and Rb made in perfused tubules [13]. The precise
cellular factors involved in regulating the activity of this K
channel are, at the present time, unclear.
Effects of mineralocorticoid hormone
It has been well established that treatment of animals with
mineralocorticoid hormone produces a dramatic increase in Na
absorption and K secretion by the CCD. In the process of
stimulating transport, all of the cellular components shown in
Figure 1 are enhanced. Apical membrane Na and K channels
display increased conductances and the basolateral membrane
Cl and K conductances are increased. Na-K pump activity is
also increased. Experiments comparing the amount of increase
in Na transport with the amount of increase in K secretion have
consistently demonstrated a relatively greater increase in K
secretion. The key observation that led to the understanding of
this phenomenon was made several years ago when investiga-
tors discovered that the basolateral membrane voltage of CCD
principal cells dissected from DOC-treated rabbits was hyper-
polarized, sometimes more negative than 100 mV [3, 18]. Such
large membrane voltages can not be accounted for by a K
diffusion voltage as K inside the cell would have to be over 200
m. The suspicion was therefore quite strong that the driving
force for K diffusion across the basolateral membrane in
DOC-treated CCDs would not favor K exit (back to the blood)
but rather K entry.
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Fig. 3. Pathways of K secretion in control
2K and mineralocorticoid-treated (DOCA) rabbitCCD. The apical (luminal) membrane is on
K the left. Electrical values are representative of
those reported by several investigators.
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TPFigure 3 depicts the electrical properties of CCD principalcells from control and mineralocorticoid-stimulated rabbits.Several features are important. First, all of the conductivepathways are enhanced following mineralocorticoid stimula-tion. Second, the current through the pump is increased. And,
third, the epithelium is hyperpolarized in large part owing to the
hyperpolarization of the basolateral membrane. This hyperpo-
larization provides extra K for secretion such that the overall
rate of K secretion can exceed that which would be predicted
by the stoichiometry of the Na-K pump. The clearest demon-
stration that the basolateral K channel can participate in main-
taining the high rate of K secretion comes from two types of
measurements. First, application of Ba to the basolateral mem-
brane of transporting CCDs dissected from DOC-treated rabbits
causes the basolateral membrane to hyperpolarize [181. This
result is best explained by the elimination of a current carried
by K into the cell. The second line of evidence comes from flux
measurements. As shown in Figure 4, Ba in the bath actually
inhibits the magnitude of K secretion rather than enhancing K
secretion as would be expected if basolateral Ba blocked K exit
[39]. The source of the voltage for the hyperpolarized basolat-
eral membrane is not completely clear but probably comes from
the activity of the Na-K pump. Such an interpretation is
consistent with the effects of lumen amiloride on the change in
the basolateral membrane voltage. While lumen amiloride has
no direct effect on any transport process of the basolateral
membrane, by virtue of limiting Na entry into the cell, the Na-K
pump activity is greatly reduced and, as would be predicted by
this scenario, the basolateral membrane depolarizes [181.
Outer medullary collecting duct
It has been recognized for over a decade that the OMCD
functions differently than the CCD. The first unambiguous
evidence that the active ion transport processes in the OMCD
were different from the CCD came from examination of the
transepithelial voltage along the rabbit CCD and OMCD. CCDs
from mineralocorticoid-treated rabbits always display a spon-
taneous lumen-negative voltage. However, segments from the
outer medulla perfused with the same solutions produce a less
negative voltage. This voltage becomes consistently positive in
collecting ducts dissected from the inner stripe [40]. The voltage
Control Control + Ba DOCA DOCA + Ba
Fig. 4. Effect of barium added to the basolateral surface on net Na and
Kflux. Dataare taken when bath K = 8.5 m. Barium has no effect on
Na transport () in either control or DOCA-treated rabbit CCD. In
contrast, basolateral barium reduces net K secretion (0) in DOCA-
stimulated tubules but not in control tubules. These data illustrate the
role of passive K entry across the basolateral membrane in stimulated
tubules. (From data reported in reference 39.)
profile as a function of position is depicted in Figure 5. If a
tubule is dissected from a region spanning the outer stripe, one
end can have a positive voltage while the other has a negative
voltage [40].
This voltage profile reflects the ability of the segment to
absorb Na. In contrast to the CCD, the OMCD dissected from
the inner stripe of mineralocorticoid treated rabbits has no
active transport of Na, K, or Cl [41]. In fact, the permeabilities
of these ions are low enough that they probably traverse the
epithelium only through the paracellular pathway [2, 42, 43]. It
seems most likely that the collecting duct residing in the outer
stripe represents a transition from the principal cell character-
istics evident in the CCD to the virtual absence of active
transport in the inner stripe of the OMCD.
The transepithelial voltage profile, the net flux studies, and
the tracer permeation studies all demonstrate the disappearance
of active Na and K transport as the collecting duct descends
into the medulla. The electrical properties of the apical and
basolateral membrane also change with the position within the
outer medulla. Koeppen [44] has demonstrated that in the outer
stripe there are two populations of cells, one having the typical
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Fig. 5. Transepithelial voltage of collecting ducts dissected from rab-
bits treated with DOCA as a function of position in the cortex and outer
medulla. Tubules were dissected and perfused antegrade with symmet-
rical solutions. Closed circles represent tubules perfused with isotonic
solution; open circles represent tubules perfused with a hypertonic
solution. The outer stripe of the outer medulla occupies approximately
the first mm of the medulla. Segments from this region generally have a
lumen negative voltage. Segments dissected from the inner stripe
(dissected deeper than 1 mm into the medulla) have a uniformly positive
voltage. (Reprinted with permission from reference 40.)
electrical properties of intercalated cells, and the other having
properties more like principal cells. Intercalated cells (as de-
fined electrically) are found with increasing frequency in the
inner stripe of the outer medulla. In this segment no cells with
electrical properties of the principal cells have been reported
[45]. The principal cell of the outer stripe has a relatively higher
resistance of the apical membrane compared to the CCD and
has a lower apical membrane K conductance. In addition, the
basolateral Cl conductance is relatively smaller than that of the
CCD principal cell, and the Cl conductance seems to have been
replaced by a K conductance [44].
The electrical characteristics of the majority cell of the
OMCD dissected from the inner stripe are identical to those of
the intercalated cell of the CCD. The fractional resistance of the
apical membrane approaches unity and the basolateral mem-
brane conductance is dominated by Cl conductance. Apical
membrane Na, K, or Cl conductive pathways can not be
demonstrated using microelectrode methods. Depending on the
definition one wishes to use, one can make the argument that
the intercalated cell is the principal cell of the OMCD inner
stripe.
An important exception to the concept that there is no active
Na or K transport in the OMCD has been uncovered by Wingo
[46] in OMCD segments dissected from rabbits fed a low K diet.
Under these conditions, as opposed to normal rabbits, K
deficient rabbits absorb K and HCO3. As the process is inhib-
ited by omeprazole, an inhibitor of the H-K-ATPase, imposition
of K deficiency allows the expression of the H-K-ATPase on
the apical membrane of the OMCD. The induction of such a
transporter would provide a convenient explanation for one of
the mechanisms where K depletion can reclaim secreted K.
This mechanism would also provide an explanation for the
concomitant production of metabolic alkalosis by K depletion.
Inner medullary collecting duct
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It has long been appreciated that the terminal portion of the
collecting duct, the IMCD, is capable of absorbing Na and Cl
• 147—49]. In contrast to the CCD, however, net K transport by
the IMCD does not occur under normal circumstances. It
requires extreme alterations in K intake to effect net K secre-
tion or absorption by the IMCD [49]. The experimental condi-
tions where Na absorption has been most clearly demonstrated
are those using micropuncture or microcatheterization methods
in intact kidneys. When the IMCD has been dissected and
perfused in vitro, Na absorption has been considerably more
difficult to demonstrate [50, 51] although one group of investi-
gators has reported substantial amounts of Na transport [52].
The reasons for the differences in the magnitude of Na transport
between different investigators and those found in vivo and in
vitro are not clear.
The mechanism whereby Na is absorbed by the IMCD is
becoming more clear. The majority of the Na transport appears
to occur via entry across the apical membrane through an
amiloride-sensitive Na channel and exit across the basolateral
membrane via the Na-K pump. Several lines of evidence using
different preparations indicate that such a process exists. The
amiloride sensitivity has been demonstrated using micropunc-
ture technique [53] and there is clear evidence from immuno-
cytochemical studies that the amiloride-sensitive Na channel is
present on the apical membrane [54]. Electrophysiologic stud-
ies of isolated perfused rat IMCD cells have demonstrated an
amiloride-sensitive apical membrane conductance and basolat-
eralNa-K-ATPase [51].The Na channel entry mechanism is not
confined to the rat as rabbit IMCD cells when studied in
suspension have an amiloride-sensitive 02 consumption [55]
and Na uptake [56]. The dose response for the amiloride effect
on 02 consumption is in the range that would be expected for
inhibition of Na channel mediated transport. Cultured rat
IMCD cells also display electrogenic Na transport. In a recent
study from this laboratory we have demonstrated that the
majority of the Na transport across the apical membrane is via
an amiloride-sensitive channel [57]. In these studies we were
able to demonstrate that there was little or no detectable Na
entry via other mechanisms, such as Na-H exchange, NaCI
cotransport, or Na-K-2Cl cotransport.
Despite the lack of direct evidence that Na can be absorbed
across the IMCD by pathways other than a Na channel, there
are some suggestions that other, electrically silent pathways
exist. There is evidence of a Na-K-Cl cotransporter in IMCD
cells and papillary epithelial cells [58, 59]; furosemide and
thiazide diuretics inhibit NaCl absorption by the IMCD in vivo
[60, 61]; and the voltage across the epithelium is quite small
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[621. Furthermore, the voltage is not altered by a hormone that
increases Na absorption [52]. Thus, although the absorption of
Na by a conductive pathway is an established mechanism, there
may be other mechanisms that operate under certain circum-
stances.
Hormonal regulation of Na and K transport
Steroid hormones can stimulate cation transport both in the
CCD and in the IMCD. The response of the CCD to mm-
eralocorticoid hormone has already been discussed. The mech-
anism in the IMCD may be somewhat different. Although
aldosterone clearly can be shown to stimulate Na transport by
the IMCD in vivo [53, 63], the IMCD does not behave in the
same way as does the CCD. When mineralocorticoid hormones
are injected into rats for several days and the IMCD dissected
and perfused in vitro, Na transport is not appreciably increased
[50, 51]. The IMCD cells clearly do have the ability to respond
to mineralocorticoid hormone in vitro as primary cultures
demonstrate a brisk increase in Na transport after stimulation
with either mineralocorticoid or glucocorticoid hormone [57].
The ability to respond to glucocorticoid hormone does not seem
to be characteristic of the CCD [64, 65]. The difference between
the response of the CCD and the IMCD to steroid hormones in
vivo may be related to the greatly differing environments in
which these cells reside.
In addition to steroid hormones, a large number of 'vasoac-
tive substances" also have been shown to alter Na transport. A
detailed discussion of the effects of all of these agents is beyond
the scope of this review, but a few are worthy of mention
because of their special interest. Vasopressin has effects in the
CCD that are both species-dependent and dependent on the
state of mineralocorticoid hormone of the animal. In the rabbit,
vasopressin applied to the peritubular surface produces a bi-
phasic effect with the majority of the effect showing inhibition
of Na transport [66—68]. In the rat, vasopressin causes a
sustained increase in Na transport that is substantially larger in
rats pre-treated with mineralocorticoid hormone [5, 23, 69]. The
reasons for these differences are not completely clear, but it is
quite clear that the inhibition of Na transport in the rabbit is not
produced via intracellular production of cyclic AMP [67].
Another compound that can reduce Na transport in the rabbit
collecting duct is prostaglandin E2. Its action in the CCD has
been known for some time [70, 71] and recently it has been
shown to be active in inhibiting transport in the IMCD [72]. Its
importance as an inhibitor of Na transport is twofold. First, it is
endogenously produced by these cells and its production is
stimulated by a variety of other peptide hormones. Thus, it may
act as an autocoid. Second, the action of PGE2 may be directed
at the activity of the Na-K pump [721. Although such regulation
of Na transport has always been a theoretical possibility, most
acute hormonal effects on electrogenic Na transport have been
thought to occur by regulating the apical membrane Na perme-
ability rather than the basolateral Na-K pump.
An example of how an acutely acting substance can regulate
Na permeability is atrial natriuretic factor (ANF). ANF causes
an increased cyclic GMP content of IMCD cells [73]. There is
now quite good evidence using single-channel patch clamp
analysis that cyclic GMP can regulate an amiloride-sensitive
cation channel from these cells [74]. Recent evidence suggests
that this channel can be regulated not only by cyclic GMP but
also by cyclic GMP-dependent protein kinase [75]. Both mech-
anisms would tend to inhibit the opening of this channel. The
regulation of this apical membrane Na channel appears to be
rather complex and involves the presence of a G protein that is
pertussis toxin sensitive [76]. The role of this G protein in the
regulation of transepithelial Na transport is, at the present time,
unclear.
The collecting duct thus displays remarkable heterogeneity of
Na and K transport along its length. The regulation Na absorp-
tion of the CCD may relate more to the needs of the animal to
regulate K balance. In contrast to the CCD, regulation of Na
absorption by the IMCD may relate more directly to the overall
balance of NaC1.
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